failure, and finally patients in clinically demonstrable congestive heart failure, were selected for examination both at rest and during moderate leg exercise. Only patients with non-valvular heart disease and no mechanical restrictions to the circulation were included.
Material and Methods
Thirty-two studies were made in 24 patients with non-valvular heart disease. Their diagnoses and physical characteristics appear in table 1. Patients are grouped in tables 2 through 5 according to the presence or absence of congestive failure at the time of study. Data on patients in left ventricular failure appear in table 2, those of patients with combined (right and left) ventricular failure in table 3, those of patients who had clinically recovered from congestive failure in table 4 , and data of those who had never been in failure in table 5. All patients were studied in the fasting, postabsorptive, nonsedated state.
The methods utilized to measure blood volume, blood pressures, and cardiac output (by the Fick principle) at rest and during exercise have been published previously.3' 9 During a control period at rest, which usually lasted 40 to 60 minutes, repeated measurements (three to seven) of blood pressures were made, as well as two determinations of cardiac output. For the sake of brevity, however, only one representative value for pressure and flow at rest is given in tables 2 through 5. Exercise was performed in the supine position and in the majority of instances a bicycle ergometer was employed. The level of exercise was so selected that no more than mild dyspnea or fatigue appeared except in one patient (no. 1144). In this man, rales increased in the later moments of exertion. Exercise lasted from 6 to 11 minutes during which time three measurements of pressure, without mouthpiece or nose clip in place, and one of flow were made (for details see tables 2 through 5). Flow was never measured before 5 minutes of exercise were completed, since data from this laboratory indicated that the steady state necessary for the use of the Fick principle may not be present until this time.9 Only pressures were measured during the recovery periods and the last observation made in this interval is given in the tables.
Circulation, Volume XXVI, September 1962 341 pressures do not exceed 30 mm. Hg, the pulmonary artery diastolic 10 mm. Hg, the mean 15 mm. Hg, and the right ventricular diastolic 5 mm. Hg. These values obtain when the patient has neither nose clip nor mouthpiece in place. The evaluation of the response of blood flow to exercise in the cardiac subject poses certain problems. Because of the variability in symptomatology of the cardiac patients studied and in their ability to perform exercise, it was not possible to fix a definite and identical work load against which to titrate the blood flow. Therefore it was necessary to estimate the amount of work perfornied by the amount of oxygen consumed, and to relate blood flow to the latter.
A review of published data4 [10] [11] [12] [13] [14] [15] [16] [17] [18] in which the Fick principle was utilized to measure cardiac output, revealed that the increase in blood flow during exercise in normal persons varied between 200 and 2,000 ml. for every 100 ml. increase in oxygen uptake. The wide range of this exercise factor limited its usefulness, and, furthermore, it was apparent that a number of patients with heart disease achieved a much higher value than the lower range of the normal subjects. Reasons were sought for the wide variation of normal derived from the literature by a critical analysis of the data from which the values were obtained.
In certain instances it was found that the Fick principle was applied before a steady state of exercise could be assumed to have been reached and the respiratory exchange ratio during exercise was either not deterniined or was significantly less than the resting, or greater than 1.0. Occasionally in these studies the ventilation during exercise was equal to or less than that at rest. Under such circumstances the validity of the data is in doubt. Since the patients in the present study were fasting and in the basal state, only data obtained with similar preparation of the normal subjects could be utilized. The influence of hyperkinetic states on the exercise response has been emphasized by Bishop et al. 19 and Barger et al.20 and hence any moderately anxious or anemic subject found in the published data was excluded. Apprehension was judged by the high level of resting cardiac output (over 3.5 L./min./M.2 BSA) or resting oxygen uptake.i 22 Once all these restrictions were placed upon the available data, 16 observations, all of which were free of such limitations, were analyzed from the work of Sancetta,'6 17 and Fishman.'8 The increase in oxygen uptake in these 16 observations ranged between 45 per cent and 275 per cent above the resting value. In 15 of these 16 the increase in blood flow lay between 800 and 1,550 ml. per 100 ml. increase in oxygen uptake. In the remaining subjects the increase was 700 ml.
Hence in the normal subject, one can expect The number 1008 patient.
Figure 1
Graphic representation of the sponse to supine leg exercise year-old male (no. 1120). In dircles indicate mean pressures. is the exercise factor for this an increase in blood flow of at least 800 mIl. per 100 ml. increase in oxvgen uptake, if the following criteria are niet at rest and during supine exercise: (1) the subject is fasting and basal, (2) the cardiac index is not greater than 3.5 at rest, (3) the increase in oxygen uptake during exercise is 45 per cent to 275 per cent of the resting level, (4) the respiratory exchange ratio during exercise is equal to or greater than the resting value but is not greatly over 1.0, (5) the ventilation during exercise is greater than that at rest. In our laboratory a figure of 600 ml. as the lower limit of nornial for the exercise factor has been proposed9 but following the above analysis this was discarded and 800 ml. was substituted.
Any cardiac patient who did not fulfill the five criteria listed above, or in whom the hematocrit level was less than 35 per cent was excluded from the present investigation.
The data available in the 16 nornial subjects cited abovei6-i8 indicate that for mild to nioderate exercise, as judged by an oxygen uptake that does not exceed 550 nil. per Hg. There is little information concerning the right ventricular diastolic pressure during exercise but from the authors' own experience it does not rise above 5 mm. Hg. The normal response of the lesser circulation pressures during supine leg exercise is illustrated in figure 1 .
The arterial oxyhemoglobin saturation either rises or remains unchanged during this type of exercise. However, since he had elevation of the systolic and mean pressures and on a second study, when he was no longer in failure, his resting pressures were normal (25/5, with a mean of 11), it was thought that his initial Circulation, Volume XXVI, September 1962 pulmonary hypertension, although unusual, was a manifestation of left ventricular failure. All of the patients had normal total blood and plasma volumes and of these only one (no. 1037) was on diuretic therapy. On exercise, three of the patients (no. 1132, 1075, and 1092) had a normal increase in blood flow, while in the others the increase in blood flow was less than normal but was not blood flow (ml.) per 1 00 nil. increase in oxygeii uptake; TBV, total blood volume; PV, plasma volume; H 'crit, Hematocrit. markedly reduced. In every instance the stroke volunme rose and there was a striking rise in pulmonary artery pressures. In three of the four patients in wilolil it was imeasured during exercise, the right ventricular diastolic pressures rose to abnormal levels. In two of these (no. 1075 and 1037) this rise was transient. In the three patients observed during the recovery period there was a prompt fall in lesser circulation pressures, which in two were actually lower in the recovery period than Circulation, Volume XXVI, September 1962 they had been at rest before exercise was begun. 3) had atrial fibrillation anid the remiiaiinder were in sinus rhyTthm. Four of the six were on digitalis preparationis (table 1). The total blood and plasmna voluimes were virtually nornmal in the three patienits who were receiving both digitalis preparations and diureties (no. 1096, 949, alid 1123a), whereas in the other three the volunmes were markedly increased. All lesser eireulation pressures were elevated at rest and, oln the whole, were considerably higher thani in the subjects with left ventricular failure. The pressures rose further on exercise and remainied elevated during all of the exercise period. Cardiac output at rest was reduced in all these subjects, and four of them were uniable to increase blood flow appreeiab]v during exercise. One patienit had a normal increase in blood flow ( no. 1096) and one (nio. 1091a) had a somewhat reduced response. Theire was no appreciable change in stroke Avoluie durinig exercise in this group, wliceh was quite different fromt patients in left ventrieular failure. The four patients observed during the recovery period had a deeline in all lesser circulation pressures within 1 to 2 minutes. However, one patient (no. 1123a) never reached resting values during the reeoverv period and, in contrast to the patients in left ventricular failure, there was no instance of a fall in pulmonarv artery pressure below the resting level.
Recovered from Previous Left or Combined Ventricular Failure
Despite the fact that nolne of the 12 patienits (table 4) had clinical evidence of either left or right ventricular failure at the tiie of study, only one had nornmal henmodynamies at rest (n1o. 1015b). In all others there were abnornmalities of flow or pressures. It is true that there was no elevation of right ventricular diastolic or pulmionary artery diastolic pressure in any patient at rest hIowever, minimial resting pulmonary svstolic and miiean hypertension was preselnt ill six inistances. It is of interest that only two of the 12 subjects had normal resting cardiac output and these were in sinlUs rhvtliinl (lno. :1015b and 1008b)
The average level of output at rest was higher in patients with sinus meelanismn than in those with atrial fibrillation. exercise there was a variation-in response, but in general two tyxpes of performance emwerged, anid these depended on the basic rhythnm present. In the patien-ts with sinus rhy-thmn, blood flow inierease was normal, none-Circulation, Volume The performance in the presence of atrial fibrillation was much more abnormal. There was little increase in cardiac output, and pulinuonary hypertesiouii and elevation of the right ventricular diastolic pressure were the rule. There was only onle exception to this heinodynamic responise (no. 1091b).
In all patients save one (nio. 1123b) regardless of rhythm, the stroke volume rose during exercise. This response is similar to that seen in patients with left ventricular failure and is quite different from those with combined ventricular failure. The pressures during recovery had returned to the resting level or fallen below it with only one exception.
Six of 12 subjects had elevated blood volumes although four of them were receiving both diuretics and digitalis therapy.
No History of Failure
These six subjects (table 5) differed very little in their performance as compared to the previous group who had recovered from fail-Circulation, Volume XXVI, September 1962 ure. Inideed, their circulatory function was colnsiderably compromised although their historical evaluation would not have revealed this fact. It is notable that all but one (no. 684) had enlarged hearts.
Althougfh four had nlornmal lesser circulation pressures at rest only two patients (no. 684a, 684b, and 1129) maintained normal pulmonarv artery pressures during exertion. Five of the six patients developed either transient or sustained elevation of right ventricular diastolic pressure oni exercise. It is interesting that one man, studied twice (no. 684a and b), inereased this pressure without an abnormal rise in pulmoniary artery pressures, suggesting more disturbance in right than in left ventricular funietionl. During recovery all lesser circulation pressures were equal to or less than those at rest.
The resting level of blood flow was low in most of these individuals, and there were only two patients who were able to increase blood flow in a normal fashion during exertion. The stroke volume response during exercise was the same as in the previous group, rising in the majority. Three patients (no. 1066b, 1133, anid 786a) had elevated blood volumes. 
Discussion
At rest the hemodynamic pattern is more or less characteristic in the groups with clinical evidence of ventricular failure of one or both chambers. This consists of elevation of pressures in the affected ventricle and reduced cardiac output. The response of blood flow during exercise, on the other hand, varies all the way from greatly comproinised to being well preserved.
When the blood flow at rest and during exercise is plotted against right ventricular diastolic and pulmonary artery diastolic pressures respectively, the latter being used as a reflection of left ventricular diastolic pressure, one finds in patients with left ventricular failure (fig. 2 ) that blood flow can increase surprisingly well despite further dysfunction of the left ventricle and embarrassment of the right as indicated by the rising diastolic pressures. This pressure elevation in the right ventricle has no known clinical manifestation but may well indicate that clinical expressions of right heart failure are in the offing. In patients with combined ventricular failure augmentation of right and left ventricular pressures also occurs, but the striking difference lies in the fact that blood flow during exercise may be much more compromised (fig. 3 ). The severity of the pulmonary hypertension in subjects with combined ventricular failure suggests that in the patients in this study the left ventricular myocardium is more compromised than in those with left failure alone, which could aecount for the more reduced blood flow. The right ventricle may also contribute to the low level of blood flow, however, since it cannot deliver in adequate measure, the venous return to the left ventricle.
Abnormalities of pressure and flow are niot found exclusively in the congested state, as they appear not only in patients clinically conisidered to be recovered from failure, a point that has been emphasized by Selzer and McCaughey,8 but even in some subjects who had never shown any evidence of congestive failure. Figures 4 and 5 , in which the pressures and flow are plotted for both of these groups, are virtually indistinguishable and indicate that while some of these 18 patients may have normal pressures at rest, there may be considerable reduction in cardiac output. On exercise the pressure-flow response may vary from completely normal, as it was in six of the 18, to grossly abnormal. Graphic representation of the relationship between cardiac output and pulmonary artery (PAd) and right ventricular (RVd) diastolic pressures at rest and during exercise in 13 studies made in 12 patients whio had recovered from heart failure. The triangles indicate the values of those patients with atrial fibrillation and previous combined ventricular failure; the solid circles the values of those patients with a sinus mechanism and previous combined ventricular failure, and the half circles the values of those with a sinus mechanism and previous left ventricular failure.
Thus, in a consideration of the performance of the cardiac subject as a whole these data confirm the concept of a spectrum of ventricular behavior.2 If one plots blood pressure and cardiac output at rest and during exercise without regard to the clinical status of the subject, one can conclude that blood flow may be well preserved in the presence of pressure abnormality; this phase probably represents the earliest hemodynamic manifestation of that form of cardiac dysfunction which may culminate in congestive failure. On the other hand, when the grossest pressure abnormalities exist, blood flow is severely restricted and the clinical expressions of failure are likely to be present. Figure 6 is a schematic representation of the relationship between blood flow and the pulmonary artery and right ventricular diastolic pressures con-Circulation, Volume XXVI, September 1962 2h_ 1 . PAd (mm Hg) RVd Figure 5 Graphic representation of the relationship between cardiac output and pulmonary artery (PAd) and right ventricular (RVd) diastolic pressures at rest and during exeroise in eight studies made in six patients without history of heart failure.
The triangles indicate the values of those patients with atrial fibrillation and the circles those with a sinus mechanism. structed from the data presented in this paper. Sector I encloses all but two patients with an exercise factor of 800 ml. or greater, sector II includes all patients with an exercise factor between 600 and 800 ml., and sector III all but two of the subjects with an exercise factor of less than 600 ml.
The fact that the blood flow cani increase normally in patients in sector I, even though there is a rise in pressure in one or both ventricles, suggests that the latter (the rise in diastolic pressure) is a reflection of a hypertrophied ventricle and a change in distensibility of the muscular wall rather than predominantly an abnormal increase in ventricular residual volume.23 24 Of the 10 patients in this sector only one had clinical manifestations of failure, in this instance left ventricular, seven had recovered from heart failure, and two had no history of failure.
When there is marked inadequacy of blood flow (less than 600 ml.) coupled with pressure elevation at rest or during exercise, one is probably dealing predominantly with cardiac dilatation due to overstretched myofibrils (sector III). Any increase in venous returin to such ventricles serves only to embarrass them further by increasing their diastolic volume without provoking an increased output. Of the 11 patients in this sector, five were in combined ventricular failure. Although the remaining six were without signs of congestion, all had atrial fibrillation. In sector II the inadequacy of blood flow response during exercise is less marked (600 to 800 ml.) than in patients in sector III and yet pressure elevation occurs. In these patients there is probably some degree of cardiac dilatation occurring in a hypertrophied heart but, since flow is better preserved, not so much dilatation is present as in the subjects in sector III. In this area are found four patients with left ventricular failure as well as one who had recovered from failure and two without history of it.
If any of the abnormalities during exercise are due to dilatation and if the latter is at all reversible, one might expect that patients could move fromn one sector to another as they improve or deteriorate. That the former is true cani be seen in serial studies made on the same individuals and graphed in figure 7. Three (no. 1109, 1015, and 1091) of the four moved from sectors III or II into a more normal area. These data demonstrate that a patient can move from one curve to another as his myocardial function changes. Furthermore, it has been shown that function curves of the right ventricle are similar to those of the left. The fourth patient in figure 7 (no. 1123) who had been in severe congestive failure for 2 years, and who required 1 month of bed rest and strict cardiac regimen before congestive failure disappeared, did not move as did the others, in that despite a pressure fall there was no improvement in blood flow. This would suggest a much more advanced state of myocardial dysfunction and hence that the hemodynamie relationship of pressure to flow is quite different in this man and that dilatation is virtually irreversible. Marked dilatation was confirmed at necropsy. The various levels of cardiac function that have been most frequently encountered in this study are depicted in the simple scheina showin in figure 8 . The first arrow indicates the performance of a normal subject at rest and during exercise. This eupyesic (normal Circulation, Volume XXVI, September 1962 r 358 1 pressures) eukinetic (normal flow) function was rarely encountered in this study and was only seen in asymptomatic patients. The second arrow marks the beginning of abnormal function, since, despite normal blood flow on exercise, hyperpyesia appears, i.e., pressure rises to an abnormal level. The individual who displays such a pattern may have no clinical evidence of congestive failure and probably has a hypertrophied heart. It is possible that the repeated appearance of pressure abnormalities on exercise is responsible for the eventual development of the congested state inr such individuals. Hollander and Jud-son25 have suggested that salt retention in congestive heart failure may be initiated primarily by a critical rise in right ventricular end-diastolic and peripheral venous pressure rather than by a decrease in cardiac output or glomerular filtration rate. Arrow 3 marks further deterioration of function, which again is not associated with the congested state. The inadequate flow in the presence of rising pressures on exercise may well be due to ventricular dilatation, albeit not marked. Since a number of subjects who behave in this manner also had atrial fibrillation, the additional influence of this arrhythmia must be considered. It is well established9' 26-29 that patients with this mechanism have lower levels of resting blood flow than those in regular sinus rhythm. This study also has shown that during exercise the patients with atrial fibrillation were severely limited as to blood flow. However, no direct effect on ventricular diastolic pressures has been found consequent to this arrhythmia. This pattern of eupyesia and hypokinesis at rest, with a hyperpyesic and hypokinetic response on exercise, has also been encountered in a certain number of patients with rheumatic heart disease and has been ascribed to "myocardial insufficiency. "3 In these individuals, as in many of the patients with non-valvular disease in this study, the rise in pressures was not marked. Fleming and Wood30 have stated that this pressure-flow behavior in rheumatic heart disease was due to "an unusual consequence of atrial fibrillation. " This rhythm undoubtedly plays an important role in the production of this pattern; that it is not the only cause is apparent, since patients with sinus rhythm have also displayed it whether they have valvular3 or non-valvular heart disease. The next three levels of function are all associated with clinical manifestations of heart failure; when these are found it is obvious that an advanced stage of myocardial insufficiency has been reached. Pressures are elevated at rest and during exercise, but blood flow on exercise may be normal (eukinetic), reduced (hypokinetic), or fixed (akinetic). Hickam and Cargill'0 originally stressed that the resting level of output of the failing human heart was the highest that could be achieved, that is, that no further rise could be expected on exercise even in the presence of a rising diastolic pressure. This fixation of cardiac output with augmentation of filling pressure certainly may be encountered but represents the most advanced phase of ventricular failure. Lesser degrees of failure are characterized by the ability to increase cardiac output although not to a normal or appropriate extent, again with a rising diastolic pressure.
A Further Clinical Implications
The clinical importance of an enlarged heart becomes impressive wheni one considers that in this study two of every three subjects with cardiomegaly and no clinical evidence of congestive heart failure had an abnormal performance on exercise. The consequences of the latter may be considerable, providing a continuing stimulus for salt and water retention hypervolemia, and possibly an increase in diastolic ventricular volume. The known therapeutic approaches are limited, since digitalization does not necessarily prevent this dysfunction. It is possible that limitation of activity may be helpful. In those patients in whom hypervolemia has appeared, diuretics and perhaps a period of bed rest should be added.
Once the congested state appears, bed rest is indicated despite the possibility of thromnboembolic or other complications. When bed rest is nlot strict, there is likelihood of perpetuating congestion by the mechanisms previously discussed. Since it has been shown in this study and in others froin this labora-tory1' 31 that hypervolemia niay exist without edema and may be one of the last clinical signs of congestive heart failure to disappear, its presence should stimulate continuation of a rigorous medical regimen.
The infrequent occurrence of hypervolemia in isolated left ventricular failure as originally shown by Perera32 provides an additional means of differentiating this latter from combined ventricular failure. In any patient suspected of isolated left failure who has an increased blood volume, it is likely that combined ventricular failure exists or has existed. The behavior of the heart rate during exercise has long been utilized as a clinical appraisal of cardiac function. It is of interest that in this study the change in ventricular rate afforded no indication of the underlying hemodynamics in the individual patient although there was a trend in different groups.
In those subjects with a niormal exercise factor, the average resting and average exercising heart rates were 67 and 88 respectively, figures lower than those of patients with an abnormal exercise factor, where the resting and exercising rates were 80 and 104 respeetively. However, sinee the raiige was very wide in those with a normal increase in blood flow, the response of heart rate has very little value in estimating the other parameters of cardiac function. Changes in arterial blood pressure and in minute ventilationi similarly did not aid in detecting abnormalities of lesser circulation pressures or blood flow.
Summary and Conclusions
Hemuodynamic studies at rest and during exereise were made in 24 patients with nonivalvular heart disease utilizing cardiac catheterizationi. The observations were secured in patients with left ventricular failure, eoinibined ventricular failure, and in those who had recovered from failure or who had never beeni in failure.
A wide variety of respolnse to exercise was found. The most abnormal was seen in patients with combined venitricular failure irn whom blood flow was either fixed or greatly din;iiished anid lesser eirculation pressures were augmented. The performanee of patients in left ventricular failure was different from those in comubined failure in that, despite augmentation of lesser circuit pressures, blood flow increased surprisingly well althoulgh not always to a normal degree.
Patients without clinical evidenee of congestive failure displayed a wide variety of hemodynamic response onexercise, ranging from normal to grossly abnormal.
A spectrum of ventricular behavior has been confirmed. The least abnormal pattern that was found consisted of a normal response in blood flow accompanied by an abnormral rise in pressures in the lesser eirculation on effort. This performance was ascribed to a hypertrophied heart. Whe:n both blood flow and pressures were grossly abiiormal, it was postulated that ventricular dilatatioin existed.
The presence of atrial fibrillation, even in the absenee of congestive failure, was found to compromuise blood flow during exercise.
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